1. Introduction {#sec1}
===============

*Staphylococcus aureus* is part of the human microbiota and remains one of the most important community and nosocomial-acquired pathogens, with high rates of hospital-associated infections \[[@B1]\]. Although multiple body sites can be colonized, the anterior nares of the nose is the most common site of colonization \[[@B2]\]. Its prevalence in a healthy human population is around 30% \[[@B3]\]. Carriers of methicillin-resistant *S. aureus* (MRSA) have a higher risk of infection than those colonized by methicillin-sensitive (MSSA) strains \[[@B4], [@B5]\]. It has been demonstrated that most MRSA infections following initial colonization or infection are caused by identical strains \[[@B6]\].

Bloodstream infections are an important cause of morbidity and mortality during immunosuppressive conditions (diabetes mellitus, liver diseases, renal failure, corticotherapy, haemodialysis treatment, etc.), particularly for *S. aureus* nasal carriers \[[@B7], [@B8]\]. This susceptibility appears to be directly related to the severity and length of leukopenia \[[@B9]\]. Leukocytes, mainly neutrophils, are the main source of proinflammatory mediators and are essential for resistance to bacterial infections \[[@B10], [@B11]\].

Using a murine model of nasal colonization we demonstrated, recently, that an auxotrophic *S. aureus* mutant (named NK41) was able to interfere with the colonization of MRSA isolates belonging to Cordobes and Pediatric clones \[[@B12]\]. The auxotrophy of *S. aureus* NK41 mutant was achieved by insertion of a kanamycin resistance (Ka^*R*^) gene into the *aroA* gene, which encodes the enzyme 5-enolpyruvylshikimate 3-phosphate synthase (EPSPS). The EPSPS is part of the metabolic pathway of aromatic amino acids; therefore, bacteria with mutations in the initial steps of this metabolic pathway are auxotrophic to aromatic amino acids \[[@B13]\]. Herein, we constructed a Δ*aroA* mutant of *S. aureus,* and its safety was determined by nasal colonization of leukopenic mice. We also differentiated the Δ*aroA* (RD17) and *aroA*::Ka^*R*^ (NK41) mutants from nasal colonizing and osteomyelitis *S. aureus* isolates by pulsed field gel electrophoresis (PFGE) pattern. This additional knowledge is important to develop alternative strategies for the prevention of staphylococcal diseases.

2. Material and Methods {#sec2}
=======================

2.1. Bacterial Strain and Growth Conditions {#sec2.1}
-------------------------------------------

Bacterial reference strains and plasmids and *S. aureus* attenuated mutants used in the present study are described in [Table 1](#tab1){ref-type="table"}. Sixty-two single *S. aureus* isolates were obtained from 258 nasal swabs as a standard prophylactic procedure in patients at the time of admission to two hospitals of Buenos Aires City during the period 2009-2010. Also individual *S*. *aureus*isolates were obtained from 97 patients with osteomyelitis from seven hospitals in Argentina (four in Buenos Aires City, two in Buenos Aires Province, and one in the City of Santa Fe). Isolation and identification of *S. aureus* were performed according to routine culture procedures used in the Clinical Bacteriology laboratory \[[@B14]\]. Subcultures of single colonies of homogeneous size and pigmentation from primary isolation on blood agar plates (Britania, Buenos Aires, Argentina) were frozen in brain heart infusion (BHI) (Britania) broth with 20% glycerol (Promega, Madison, USA) at −20°C until further use. Species identification was confirmed by polymerase chain reaction (PCR) amplification of *S. aureus*-specific sequences according to Martineau et al. \[[@B15]\]. *S. aureus* isolates were tested for susceptibility to methicillin (oxacillin 1 *μ*g) (Britania) using the agar diffusion method according to the Clinical and Laboratory Standards Institute (CLSI) recommendations \[[@B16]\] and confirmed by PCR of *mec*A gene as performed by Fey et al. \[[@B17]\]. *Escherichia coli* strains were grown in Luria-Bertani (LB) medium (Britania) supplemented with ampicillin (Amp) (50 or 100 *μ*g/mL) (Sigma Chemical Co., St. Louis, USA), isopropyl-*β*-D-thiogalactopyranoside (IPTG) (0.5 mM) (Promega), and 5-bromo-4-chloro-3-indolyl-*β*-D-galactopyranoside (X-Gal) (20 mg/mL) (Promega) as needed for maintenance of plasmids. For selection of chromosomal markers or maintenance of plasmids, *S. aureus*antibiotic concentrations were the following: chloramphenicol (Cm) 10 *μ*g/mL (Sigma Chemical Co.), erythromycin (Em) 5 *μ*g/mL (Sigma Chemical Co.), and X-Gal, 40 mg/mL. For phenotype characterization assays, colonies were replicated onto defined minimum medium (DMM) agar plates for *S. aureus* as described by Pattee and Neveln \[[@B18]\]. Briefly, DMM agar plates were supplemented with the aromatic amino acids tryptophan (Trp) (0.05 mM), phenylalanine (Phe) (0.24 mM), and tyrosine (Tyr) (0.28 mM), as well as the precursors *p*-aminobenzoic acid (PABA) (0.05 mg/L) and 2,3-dihydroxybenzoic acid (DHB) (10 mg/L). All reactives utilized to prepare the DMM agar plates were purchased from Sigma Chemical Co. An *aro*mutant proliferates only in minimal medium supplemented with the three aromatic amino acids and PABA and DHB.

2.2. Generation of Deletion aroA Mutant {#sec2.2}
---------------------------------------

To obtain *S. aureus* Δ*aroA* mutant, four primers were designed ([Table 2](#tab2){ref-type="table"}) that amplified two fragments of 625 and 980 bp that flanked the sequences of the *aroA* gene to the left (primers Aro-A and Aro-B) and the right (primers Aro-C and Aro-D), respectively. Primer Aro-C has a 16-base complementary region with primer Aro-B to allow the products of the first PCR anneal. A second PCR was performed with primers Aro-A and Aro-D to obtain a single fragment using the first PCR products as template. Then, 1 *μ*L of each of the first PCR products was mixed with 10 pmol of the outside primers and amplified by PCR. The fusion product (\~1.6 kb) was purified and cloned in the pGEM-T Easy Vector (Promega). The plasmid was digested with *Bam*HI and *Sal*I (Promega) to purify the cloned fragment, and, finally, the fragment was fused by ligation into the shuttle plasmid pMAD (to yield pMAD-DEL). Blue and Amp^R^ colonies were selected on LB plates complemented with Amp and X-Gal. Plasmids were obtained from the selected transformants to verify by PCR the loss of the 650 bp fragment from the *aroA* gene yielding a 1.6 kb deletion fragment. This construction was named pMAD-DEL. The resulting plasmid was electropored into RN4220 *S. aureus*to generate transformants. Electrocompetent RN6390 was subsequently transformed with pMAD-DEL isolated from RN4220. pMAD contains a temperature-sensitive origin of replication and an Em resistance gene in gram-positive strains \[[@B19]\]. Homologous recombination experiments were performed as previously described \[[@B20]\]. RN6390 *S. aureus* strains with the desired fragment of PCR product were replicated onto DMM agar plates \[[@B18]\] supplemented or not with Trp, Phe, Tyr, PABA, and DHB to check the aromatic amino acid auxotrophic phenotype.

2.3. Complementation {#sec2.3}
--------------------

A 1.4 kb fragment encompassing the *aroA* gene from *S. aureus*RN6390 was amplified by PCR using primers Fw-aro*Comp* and Rv-aro*Comp*([Table 2](#tab2){ref-type="table"}). The PCR fragment was restricted and ligated into vector pALC1743 (kindly provided by A. L. Cheung) after deletion of the *gfp* gene and then transformed into *E. coli*DH5*α* (Invitrogen, Carlsbad, CA) \[[@B21]\]. Restriction analysis and DNA sequencing confirmed the orientation and authenticity of the cloned gene. The recombinant plasmid was electroporated into the Δ*aroA* RN6390 *S. aureus*mutant (RD17), and Cm-resistant colonies were selected. Transformants were tested for restoration of the wild-type phenotype.

2.4. Determination of the Bacterial Virulence in Mice {#sec2.4}
-----------------------------------------------------

CF-1 outbred mice were bred and maintained in the vivarium of the Department of Microbiology, School of Medicine, University of Buenos Aires in accordance with the guidelines set forth by the US National Institutes of Health \[[@B22]\]. For 50% lethal dose (LD~50~) studies, 6-week-old male CF-1 mice were injected intraperitoneally with 0.5 mL of a suspension ranging from 10^1^ to 10^9^ CFU of bacterial strain and 2% (w/v) Brewer\'s yeast (Sigma Chemical Co.) in BHI broth \[[@B23]\]. Three groups, each comprising 10 mice, from three separate tests received serial log dilutions of each bacterial strain. The estimation of the LD~50~ was made after 7 days using a software for probit analysis (PASW 18, IBM Software, Inc.) \[[@B24]\].

2.5. Nasal Colonization in Leukopenic Murine Model {#sec2.5}
--------------------------------------------------

CF-1 female mice weighing 27 to 32 g were used for the experiments. Mice were rendered leukopenic by injecting cyclophosphamide (Sigma Chemical Co.) (200 mg/kg/day) on days 4 and 2 before challenge. Previous studies have shown that this regimen produces leukopenia in this model for 5 days \[[@B25]\]. At time 0, groups of 10--15 mice were challenged by the intranasal route with 10 *μ*L of suspension containing approximately 10^7^ CFU of the RD17 (∆*aroA* mutant) or Sa14 (MRSA isolate). To evaluate nares colonization, mice were CO~2~-euthanized 24 hours after bacterial challenge and cultures were made from their nasal tissues. The area around the nasal region was wiped with 70% ethanol, and the nose was excised and homogenized in 400 mL tryptic soy broth (TSB) (Britania) using a tissue grinder. The lungs also were excised and homogenized separately in 2 mL of sterile distilled water. Tenfold serial dilutions of the tissue homogenates and blood samples were plated onto tryptic soy agar (TSA) (Britania) plates. Animals not treated with cyclophosphamide, but challenged under the conditions as the leukopenic mice, were used for control.

2.6. Pulsed-Field Gel Electrophoresis (PFGE) Typing {#sec2.6}
---------------------------------------------------

The clonality of the *S. aureus* clinical and nasal isolates, the *S. aureus* reference strains, and their derived attenuated mutants was assessed by PFGE of *Sma*I-digested (Promega) chromosomal DNA fragments \[[@B26]\] using a CHEF-DR II apparatus (BioRad Laboratories, CA, USA) as previously described \[[@B27]\]. Reference strains representative of the prevalent MRSA clones in Buenos Aires (Cordobes, Pediatric, and Brazilian, resp.), were included \[[@B28]\]. The similarity between PFGE types was evaluated by the Dice coefficient. The resultant similarity matrix was analyzed by the unweighted pair group method using arithmetic averages (UPGMA), and data were analyzed with the TREECON software for Windows \[[@B29]\].

2.7. Statistical Analysis {#sec2.7}
-------------------------

In order to obtain a statistical assessment of virulence for mice of the *S. aureus* RN6390 and RD17 mutants, the 7-day survival ratios from three separate tests were pooled for estimation of the LD~50~ by a computrrized program for probit analysis (PASW 18, IBM Software, Inc.). Nonparametrical data was analyzed with the Mann-Whitney test using the GraphPad Prism version 4.00 software for Windows. *P* values lower than 0.05 were considered statistically significant.

3. Results {#sec3}
==========

3.1. Characterization of RN6390 Δ*aroA* Mutant {#sec3.1}
----------------------------------------------

After the analysis of 950 colonies, only 2 named RD17 and RD89 presented the loss of a 648 bp fragment between the 659 and 2201 sites of the *aroA*gene yielding a 1.6 kb PCR product. Then, in order to characterize the auxotrophic phenotype, the isolated mutants were replicated onto DMM agar plates for *S. aureus*\[[@B18]\] with or without aromatic amino acids Trp, Phe, Tyr and its precursors PABA and DHB. The bacteria that failed to grow after 20 hours of incubation on DMM plates without addition of the three aromatic amino acids and PABA and DHB were considered Aro-deficient. Therefore, the deletion of the *aroA* gene encoding the EPSPS led to an *aroA* auxotrophy of the RD17 and RD89 mutants. Because the RD17 and RD89 mutants exhibited the same phenotype and genotype, subsequent experiments were performed only on RD17. Complementation assay restored the wild-type phenotype of the RD17 mutant. The growth rates of the Δ*aroA* mutant and its parental strain RN6390 were similar in TSB medium (data not shown). In addition, RD17 mutant exhibited a very stable phenotype, since its reversion frequency performed as described previously was \<1 × 10^−12^ \[[@B13]\].

To determine the attenuation of RD17 mutant in mice, the probit analysis comparing the LD~50~ with the Δ*aroA* mutant and its parental strain was performed. The LD~50~ of the parental RN6390 strain (2.2 × 10^3^ CFU ±95% CI: 2.6 × 10^1^--8.5 × 10^3^ CFU) was statistically significant (*P* \< 0.0001) different from the LD~50~ of the RD17 mutant (3.2 × 10^6^ CFU ±95% CI: 1.6 × 10^6^−9.7 × 10^6^ CFU). This statistical increase in the LD~50~ of the RD17 mutant confirmed its attenuation in mice.

3.2. Nasal Colonization in Leukopenic Murine Model {#sec3.2}
--------------------------------------------------

The safety of the Δ*aroA* mutant was evaluated using leukopenic mice model. To render the nasal colonization, the RD17 mutant and an epidemiologically unrelated MRSA nasal isolate (Sa14) were administrated into the nose of leukopenic groups of mice as we described previously \[[@B12]\]. CF-1 mice were treated with cyclophosphamide to render them leukopenic. Mice receiving cyclophosphamide had significantly lower white blood cells counts (331 ± 185 cells/mL) than mice receiving the saline control (3044 ± 501 cells/mL) (*P* \< 0.0001). The number of Sa14 (MRSA) colonies recovered from the noses of leukopenic mice group was significant higher than that observed in the control group ([Figure 1(a)](#fig1){ref-type="fig"}); in contrast, the number of RD17 mutant colonies recovered was similar between the groups ([Figure 1(b)](#fig1){ref-type="fig"}). No bacteria was recovered from blood or lungs of neither the groups of mice (data not shown). Therefore, the RD17 mutant maintained low growth levels in the nose regardless of immune status of the animals.

3.3. Pulsed-Field Gel Electrophoresis (PFGE) Typing {#sec3.3}
---------------------------------------------------

All *S. aureus* osteomyelitis and nasal colonizing isolates (*n* = 159), the obtained mutants (RD17 and NK41), and their parental strains (RN6390 and Newman) were discriminated into 40 fingerprint groups by PFGE typing ([Figure 2](#fig2){ref-type="fig"}). A dendrogram that included all patterns was constructed on the basis of the levels of similarity, and a cut-off point of 80% was considered to define the groups. *Sma*I PFGE band analysis revealed the presence of six major pulsotypes (named 1, 4, 5, 10, 28, and 40) that included 86 isolates. The remainders were evenly distributed in 33 groups of one to five isolates and one group with 9 isolates. All mutants and their parental wild-type strains exhibited a markedly different macrorestriction genotype when compared with those of nasal colonizing and osteomyelitis isolates ([Figure 2](#fig2){ref-type="fig"}). The number of genetic differences of the RD17 and NK41 mutant genomes (RN6390 and Newman background, resp.), compared with those *S. aureus* isolates was three or more, which made them clonally different according to the criteria set by Tenover et al. \[[@B26]\]. These results show that RD17 and NK41 mutants could be discriminated from osteomyelitis and nasal colonizing *S. aureus* isolates using *Sma*I macrorestriction PFGE typing.

4. Discussion {#sec4}
=============

The disruption of the *aroA* gene that encodes for EPSPS enzyme leads to an auxotrophy in *S. aureus* for DHB, PABA, and aromatic amino acids. The inhibition of EPSPS results in shikimate accumulation, inhibition of synthesis of aromatic amino acids and secondary metabolites causing cell death \[[@B30]\]. We constructed previously *S. aureus aroA* mutants by transposon mutagenesis with Tn*917* (FB306) and by insertion of the Ka^*R*^ gene into the *aroA* gene by allelic replacement mutagenesis (NK41). Both mutants were tested in two *in vivo* infection models with different purposes \[[@B12], [@B13]\]. Recently, we demonstrated that the NK41 mutant interfered with the nasal colonization of clinical isolates of *S. aureus* representative of prevalent clones in Argentina. It is important to note that the FB306 and NK41 mutants have inserted in their genome an antibiotic resistance gene allowing their easy selection and *in vitro* identification. However, this feature is a disadvantage for its potential use in vertebrate. For this reason we constructed a Δ*aroA*mutant of *S. aureus* RN6390 strain by allelic exchange. The obtained mutant (RD17) failed to show any measurable reversion and remained attenuated *in vivo*.

In the present study, the nasal colonization of leukopenic mice represented a risk state for disseminated infections by *S. aureus*. In this model we observed that the MRSA Sa14 isolate multiplied in noses more easily due to decreased host defenses and this increase was statistical significance with respect to the control group (*P* \< 0.001). In contrast, leukopenic animals challenged with the attenuated mutant RD17 showed similar levels of nasal colonization as the control animals group; therefore, the RD17 mutant was safe under the conditions studied. Indeed, the RD17 mutant maintained the low growth levels in the nose regardless of the immune status of animals.

On the other hand, it was of interest to differentiate laboratory strains and their mutants (RD17 and NK41) from *S. aureus* isolated from patients with osteomyelitis and nasal carriers. This information will be required for future studies. We performed *Sma*I PFGE typing because it is still the most discriminative of the available genotypic methods for *S. aureus* \[[@B31]\]. The analysis indicated that the RD17 and NK41 mutants were unequivocally discriminated from nasal colonizing and osteomyelitis *S. aureus* isolates under investigation. Moreover, both *aroA* mutants showed pulsotypes totally different to those observed for *S. aureus* representative of Brazilian, Cordobes, and Pediatric clones. A major concern to use an attenuated live mutant *in vivo* is the possibility that new cases of the disease may be caused by the revertant strain. The deletion of *aroA* gene described in this paper showed the stability of the RD17 mutant in mice and its inability to cause disseminated infections in leukopenic nasal colonized mice. Therefore, the spreading of spontaneous derivative RD17 mutants would be an unlikely event to occur.

In the last years emergence of mupirocin resistance among MRSA and MSSA isolates has been reported \[[@B32]--[@B36]\]. This is a worrying situation in addition to the emergence of multiresistant *S. aureus*strains \[[@B37]--[@B39]\]. Based on our results we postulate that *aroA* mutant of *S. aureus* could be utilized as an alternative strategy to reduce the staphylococcal nasal carriage.
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![Nasal colonization in a mice leukopenic model. Groups of 10--15 leukopenic and control mice were inoculated intranasally with a suspension of 10^7^ CFU of the Sa14 (panel a) isolate or RD17 (panel b) attenuated mutant. Challenged mice were sacrificed and their nose tissue cultured to determine CFU. The horizontal lines represent the median values. Panel (a) the leukopenic (L) mice showed a significant increase in the CFU number of the Sa14 isolate (median = 10800 CFU/nose) compared with that of control group (C) (median = 2384 CFU/nose). \**P* \< 0.001, Mann-Whitney test. Panel (b): animals inoculated with the RD17 mutant showed similar CFU number in the L group (median = 1552 CFU/nose) as well as in the C group of mice (median = 1400 CFU/nose). *P* \> 0.05, Mann-Whitney test.](IJMB2012-468539.001){#fig1}

![Dendrogram of *S. aureus* attenuated mutants (RD17 and NK41), their parental (RN6390 and Newman) strains, and *S. aureus* nasal colonizing (Δ) and osteomyelitis (■) (*n* = 159) isolates. *Sma*I PFGE typing discriminated 40 different pulsotypes. The major groups were named 1, 4, 5, 10, 28, and 40. *S. aureus* strains representative of Cordobes, Pediatric, and Brazilian clones are indicated \[[@B28]\].](IJMB2012-468539.002){#fig2}

###### 

Bacterial strains and plasmids used in this study.

  Strain or plasmid   Comment                                                                                                                  Source
  ------------------- ------------------------------------------------------------------------------------------------------------------------ ------------
  RN4220              Mutant strain of *Staph. aureus* 8325-4 that accepts foreign DNA                                                          
  RN6390              *ag* *r* ^+^ laboratory strain related to 8325-4, maintains haemolytic pattern when propagated on sheep                  
  erythrocytes                                                                                                                                 
  Newman              *S. aureus* polysaccharide capsular serotype 5 (CP5)                                                                      
  NK41                Newman *aroA*::Ka^*R*^                                                                                                    
  RD17; RD89          RN6390 Δ*aroA*                                                                                                           This study
  DH5*α*              *E. coli* host cloning vectors                                                                                           Invitrogen
  pMAD                *E. coli*---*S.aureus* (*Listeria*) shuttle vector with the *bgaB* gene encoding a *β*-galactosidase. Amp^*R*^/Em^*R*^    
  pMAD-DEL            pMAD plasmid containing the mutant allele for deletion of the *aroA* gene                                                This study
  pGEM-T Easy         Amp^*R*^, *lacZ*′, f1 *ori*, MCS, Mob^−^, cloning T vector                                                               Promega
  pALC1743            pSK236 (*gfp* ~*uvr*~with*agr* P3 promoter)                                                                               

###### 

Primers used in this study.

  Name           Sequence^a^
  -------------- ---------------------------------------------------
  Fw-aro*Comp*   5^′^-CTC[TCTAGA]{.ul}ACATTACAACATGCATGTGAAC-3^′^
  Rv-aro*Comp*   5^′^-ACGC[GTCGAC]{.ul}TGCGTCATCGTTGTCAGTAGT-3^′^
  Aro-A          5^′^-CTC[GGATCC]{.ul}ACATTACAACATGCATGTGAAC-3^′^
  Aro-B          5^′^-TAATGATGGTCGGTTCCTT-3^′^
  Aro-C          5^′^-TTCTAAGGAACCGACCATCAGCGAGCCTGTCAAAATCAA-3^′^
  Aro-D          5^′^-ACGC[GTCGAC]{.ul}CATCGCCGTGTTCTATTTCC-3^′^

^a^Enzyme restriction sites are underlined; [TCTAGA]{.ul}: *Xba*I, [GTCGAC]{.ul}: *Sal*I, [GGATCC]{.ul}: *Bam*HI.
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